This paper presents a method to integrate well test, production, shut-in pressure, log, core, and geological data to obtain a reservoir description for the Pagerungan Field, offshore Indonesia. The method computes spatial distributions of permeability and porosity and generates a pressure response for comparison to field data. This technique produced a good match with well test data from three wells and seven shut-in pressures. The permeability and porosity distributions also provide a reasonable explanation of the observed effects of a nearby aquifer on individual wells. As a final step, the method is compared to an alternate technique (object modelling) that models the reservoir as a twodimensional channel.
Introduction
The Pagerungan field has been under commercial production since 1994. This field was chosen to test a method of integrating dynamic well data and reservoir description data because: a) the reservoir has only produced single phase gas, b) one zone in the reservoir is responsible for most of the production, and c) good quality well test, core, and log data are available for most wells.
The method that was used to perform the inversion of the spatial distribution of permeability and porosity uses a parameter estimation technique that calculates the gradients of the calculated reservoir pressure response with respect to the permeability and porosity in each of the cells of a reservoir simulation grid. The method is a derivative of the GPST approach described in Appendices A and B. The objective is to find sets of distributions of permeability and porosity such that the calculated response of the reservoir closely matches the pressure measurements. In addition, the sets of permeability and porosity must satisfy certain constraints given by the geological model and by other information known about the reservoir.
Statement of Theory and Definitions
The process of obtaining a reservoir description involves using a great amount of data from different sources. It is generally agreed that a reservoir description will be more complete and reliable when it is the outcome of a process that can use the maximum possible number of data from different sources. This is usually referred to in the literature as "Data Integration".
Reservoir data can be classified as "static" or "dynamic" depending on their connection to the movement or flow of fluids in the reservoir. Data that has originated from geology, logs, core analysis, seismic and geostatistics can be generally classified as static; whereas the information originating from well testing and the production performance of the reservoir can be classified as dynamic.
So far, most of the success in data integration has been obtained with static information. Remarkably, it has not yet become common to completely or systematically integrate dynamic data with static data. A number of researchers [1] [2] [3] [4] , are studying this problem at present. This work represents one step in that direction.
Well Testing as a Tool for Reservoir Description
Traditional well test analysis provides good insight into the average properties of the reservoir in the vicinity of a well. Well testing can also identify the major features of relatively simple reservoirs, such as faults, fractures, double porosity, channels, pinch-outs, etc. in the near well area. The difficulties with this approach begin when it is necessary to use the well test data on a larger scale, such as in the context of obtaining a reservoir description. One of the main reasons for these difficulties is that traditional well test analysis handles transient pressure data collected at a single well at a
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Reservoir Characterization Constrained to Well Test Data: A Field Example J.L. Landa, SPE, Stanford University, M.M. Kamal, SPE, and C.D. Jenkins, SPE, ARCO Exploration and Production Technology, and R.N. Horne, SPE, Stanford University time, and is restricted to a small time range. As a result, traditional well test analysis does not make use of "pressure" events separated in historical time. Although use of several single and multiple well tests to describe reservoir heterogeneity has been reported in the literature 5 , however, this is not routinely used because of the extensive efforts needed to obtain reservoir description.
The method presented in this paper uses a numerical model of the reservoir to overcome these shortcomings. It will be shown that pressure transients can be used effectively to infer reservoir properties at the scale of reservoir description. Well testing data, both complete tests and occasional spot pressure measurements, will be used to this effect. The well test information allows us to infer properties close to the wells and when combined with the shut-in pressures, spot pressures boundary information and permeability-porosity correlations, provides the larger scale description.
General Description of the Method
The proposed method is similar to other parameter estimation methods and thus it consists of the following major items:
1) Mathematical Model 2) Objective Function 3) Minimization Algorithm
Mathematical Model. Because of the complexity of the problem, the reservoir response must be computed numerically. Therefore, the pressure response is found using a numerical simulator. The reservoir is discretized in blocks. The objective is to find a suitable permeability-porosity distribution so that values of these parameters can be assigned to each of the blocks.
Objective Function. The objective is to minimize the function E, which is a function of the permeability-porosity field. Depending on the type of information available, E may take one of the following forms: 
W is a diagonal matrix which provides a way of assigning different weights to the measurements. Equation (2) is used when it is desired to include a priori information in the process of inversion by least squares, this equation is derived from probability theory. m is the model vector and is composed by the parameters of the model. C D is the covariance matrix of the data and C M is the covariance of the model. Equation (2) is considered a generalization of the Least Square problem (Equation (1a)). m prior and the covariance matrix C M allow the introduction of a priori model and the spatial correlation of the parameters in the process of inversion 1, 3, 6, 7 .
Minimization Algorithm. Because of the nonlinearity of the problem we have to use an iterative algorithm that will calculate the parameters by successive approximations. For this case, we used the Gauss-Newton algorithm to minimize E. This algorithm is classified as a "Gradient Method" since it requires the calculation of the gradient of the objective function with respect to the parameters being calculated, and because of the particular form of the objective function we need to calculate the gradients of the mathematical model (p) with respect to the parameters (k;φ). These gradients are also referred to in the literature as sensitivity coefficients.
These gradients are easily calculated when we use analytical models, as in traditional well testing. The main problem in this case is that the mathematical model is a numerical reservoir simulator. In Appendix-A we show an efficient procedure to calculate the gradients. In Appendix-B we show a procedure to generalize the calculation of these gradients for the general case where the parameters are not only permeability-porosity values but of a different nature such as geometric parameters of reservoir objects like channels, faults, etc.
Previous Work
The calculation of the sensitivity coefficients has been the subject of research in the industry. Analytical approaches were first developed [8] [9] [10] [11] [12] , later studies looked at the numerical solutions, specially in the area of automatic history matching in reservoir simulation [13] [14] [15] [16] [17] [18] . Important work has been developed recently regarding the incorporation of geostatistical information in the process of inversion of permeability and porosity with transient pressure data [1] [2] [3] [4] . The approach used in this work is a modification of the GPST method described by Chu et al 4 and Tang et al 17, 18 . The modified approach is presented in Appendix A.
Geological Description of Reservoir
The area selected for study is a portion of the Pagerungan Gas Field, located in the East Java Sea, offshore Indonesia ( Figs. 1 and 2) . The field is a faulted anticline that produces from the Eocene Ngimbang Clastics Formation at depths of 1,700 to 2,100 meters. The reservoir consists of sands and shales deposited in a river/tide dominated tropical delta.
The reservoir can be divided into two productive members. The Lower Member has an average thickness of 30 meters and consists of sandstone and conglomerate. This interval is interpreted as fluvial sand and gravel grading upwards into estuarine deltaic deposits 19 . Production and well test data indicate that the Lower Member is the dominant gas contributor.
The Upper member has an average thickness of 25 meters and consists of equal proportions of interbedded mudstone and sandstone. This interval is interpreted as delta front deposits grading upwards into distal distributary channels. Between the Lower and Upper Members, there is about 7 meters of shale with minor sandstone and a prominent coal bed known as the 3 rd Coal. This interval may or may not isolate the Lower and Upper Members in the vertical direction.
The study area is located in the south-central portion of the field and is bounded by a major sealing fault to the south (Fault #2) as indicated by a large offset on seismic. To the North, some seismic interpretations show a major fault with significant displacement (Fault #1) while other interpretations show only minor faulting. This means that the study area may be in communication with the rest of the reservoir to the North.
The eastern limit of the area is a no-flow boundary between two producing well. The western limit is updip of the gas-water contact. Pressure support by the aquifer acting across this boundary may influence fluid movement in the study area.
Reservoir Fluids
PVT analyses from the DST in the discovery well indicate that the formation fluid is mainly a dry gas with a specific gravity of 0.67. Table 1 summarizes the available data from the three producing wells in the study area.
Well Data
Well Logs. GR, SP, Porosity, Resistivity, and calculated water saturation curves were available for this study. Fig. 3 shows the GR from Well #2.
Core Analysis. Extensive cores were taken and analyzed in Well #1. Fig. 4 shows a plot of core Permeability vs. core Porosity for the well.
Production History. The daily production rate for each well was available covering a period of nearly 500 days. Figs. 5, 6 and 7 show the production data corresponding to Wells #1, #2, and #3 respectively Well Tests. One DST in each well was performed prior to commercial production. Figs. 8, 9 and 10 show Cartesian plots for the three DST's. Figs. 11, 12 and 13 show the diagnostic log-log plots for the main build-up of each DST Shut-in Pressure. Semi-annual shut-in pressure measurements are made in each well. The wells are closed in at the surface and the bottom hole pressure is recorded for a 12-48 hour period. Bottom hole pressure is usually reported as the 3-day extrapolated pressure along with the cumulative production.
Preliminary Analysis
Calculated log porosities compare favorably with values from the core analysis. The porosity log was therefore considered a reliable source of data. Water saturations ranged from 17-19% and porosities ranged from 18-23% in the producing intervals.
Permeability-Porosity Correlation. In order to reduce the dimensions of the parameter estimation problem we looked for a fixed correlation between permeability and porosity. A common approach is to seek a relationship of the type,
where the parameters m, a and A are to be found. Both equations are similar from the mathematical point of view, but represent a different problem from the parameter estimation point of view. Finding m and a in Equation (4) is a linear problem and is solved easily and uniquely with a linear least square algorithm. This is the approach commonly used by the industry. Finding A and m in Equation (5) is a nonlinear problem. Since our interest is in k and not in log(k) the proper approach is to use the nonlinear method. To compare the different methods we applied the linear least square, nonlinear square, and the least absolute error. The results are not the same. We decided to use the parameters inferred from the least absolute errors. Figs. 14 shows the results when the correlation is applied to the porosity inferred from E-logs.
Spatial Correlation of Permeability. This information is difficult to estimate since this is a relatively new reservoir. More permeability continuity is expected in the East-West direction because this is the dominant paleocurrent direction. From similarity with present analogs some idea about the dimensions and continuity can be inferred.
Well Test Analysis. The flow contribution of each zone was measured as shown in Table 2 .
The traditional well test analysis performed in the field assumes an infinite acting reservoir and results in the interpretation summarized in Table 3 .
From the observation of the shape of the derivative curve in the log-log plots (Figs. 11, 12 , and 13) and taking into consideration the reservoir model described previously the following qualitative interpretations are made:
DST at Well #1 (Fig. 11) : The ½ slope in the derivative can be interpreted as flow in a channel (linear flow). The downward trend in the derivative at late time can be interpreted as: (a) the effects of a constant pressure boundary or (b) the effect of increasing permeability as we move away from the well. The last interpretation is consistent with the analytical model of a finite channel-layer 20 .
DST at Well #2 ( Fig. 12) : The nearly constant value in the derivative can be interpreted as a fairly homogeneous permeability field in the vicinity of the well.
DST at Well #3 ( Fig. 13) : The downward trend in the derivative can be interpreted either as: (a) constant pressure boundary or (b) an increasing permeability field as we move away from the well.
The conventional analysis of the DST's cannot provide a quantitative description of the reservoir. However the qualitative analysis is very important to evaluate the results calculated from the method described in this paper.
Depletion Analysis. Fig. 15 shows a conventional depletion analysis with a p/z vs. cumulative production plot. The decrease in curve slope indicates pressure support from the aquifer. It is interesting to note that the pressure in Well #2 is greater than in Well #3. This is not easily explained considering that Well #3 has lower cumulative production and is located closer to the aquifer and the northern boundary of the study area.
Construction of the Mathematical Model
By considering all of the previous information, the pressure behavior of the reservoir can be reasonably modeled with a single-phase, implicit, two-dimensional numerical simulator. In order to simplify the problem, a Cartesian grid was created and the study area (Fig. 2) was approximated as a rectangle.
The section of the reservoir located to the North of study area was included in the model since the sealing nature of Fault #1 is unknown. This section was modeled with a much coarser grid than in the study area. The section of the reservoir located to the West of the study area was also included in the model to capture the effects of the aquifer. As in the previous case, this section was modeled with a much coarser grid than the study area. Since there is no detailed description of the aquifer, it was modeled as a constant pressure boundary. The South boundary was modeled based on the assumption that Fault #2 is sealing. The East boundary was considered a no-flow boundary, which is located halfway between Well #1 and the nearest well to the East.
The grid in the study area was sized to capture the main features observed in the DST's.
The water saturation in the reservoir was set to a constant value of 0.175.
The gas properties were calculated by the correlations normally used in well test analysis.
The production schedule was calculated by averaging the production rates over the time period between actual pressure measurements, and the averaging procedure was stopped two days before any measurement in order to account for changes in the production rates during the pressure analysis.
The shut-in pressures were modeled by shutting the wells in the simulator for three days and registering the final pressure.
The DST's were modeled by setting the wells in the simulator to produce according to the rates reported during the DST's. The boundary conditions at the wells were modeled by the Peaceman formula 21 . The wellbore storage effect observed in the DST's was deleted since our interest was in the reservoir description and not in the wells themselves.
In order to compare the actual measurements with the response calculated by the mathematical model, all the measured information had to be adjusted to the same time and depth datum. Time zero was set at the start of the DST in Well #1 and the depth datum was set at -6000 feet. The reservoir was considered to be in equilibrium at time zero and the initial pressure was set to 2847.00 psia.
Since the Peaceman formula may not be accurate during the DST's, it was necessary to introduce corrections for the transient behavior of the pressure [21] [22] [23] . These corrections were calculated by running the numerical simulator with a homogenous permeability field, a fluid of similar characteristics, and under the same production schedule as in the DST. The calculated pressure response was compared with the analytical solutions, and the equivalent radius in the Peaceman formula was then adjusted to provide the analytical pressure response.
The time steps were adjusted to compute the pressure response at the same time as the actual measurements or when there were changes in the production rate. Also the time steps were adjusted before the first of a set of consecutive measurements. The time step was also limited to be no greater than a predetermined value.
Filtering the Pressure Data
The actual pressure measurements from the DST's included thousands of values. Trying to consider all of this data is impractical because: a) most consecutive measurements do not supply substantial new information; b) there is considerable noise in the measurements, especially during the flow periods; c) wellbore storage effects in the data cannot be reproduced with the mathematical model; and d) matching numerous measurements requires large computer time.
In a first pass we removed the data considered to be affected by noise. The next step was to remove the data considered to be affected by the wellbore storage transients. To do this we constructed log-log plots similar to the one depicted in Fig. 14 for each flow period and build-up and considered that the wellbore effects ended at approximately 1½ cycles from the end of the unit slope storage response 24 . As a final step we selected data to reproduce the main features observed in the derivative curves, which are a better indication of heterogeneity than the pressure measurements themselves. It was important to calibrate the grid size in the mathematical model to known pressure and pressurederivative responses from simple permeability fields to ensure that the pressure measurements would be reproduced.
Filtering the DST data reduced the data set from thousands to hundreds of points and resulted in remaining data considered representative of the reservoir heterogeneity.
Another problem arose in combining the data from the DST's with the seven isolated shut-in pressure measurements. If the data are combined on an equal basis the information contained in the shut-in pressures would be "diluted" by the more numerous DST data. Similarly the build-up information would be "diluted" by the measurements during the flow periods. It is also necessary in the DST data to distinguish the quality of data during the build-ups from that during flow periods; the data from the build-ups is expected to be more accurate since the uncertainty in the flow measurements is less than during the flows (small changes in the rate are not measured but introduce wellbore transient effects). One procedure to combine the data is by assigning weights. Table 4 summarizes the filtering and weighting of the data process.
The Parameter Estimation Algorithm
The parameter estimation algorithm used a combination of the Gauss-Newton method, Equation (6), with linear search, Equation (8). Because of the special form of the objective function it is possible to approximate the Hessian matrix (matrix of the second order derivatives of the objective function) with the product of the first order derivatives of the mathematical model (pressure with respect to permeability and/or porosity).
The approximation guarantees the matrix will be semipositive definite. Because of the large dimensions of the problem and correlation between parameters, the matrix becomes very ill-conditioned and close to singularity. The ill condition of the matrix can be cured by regularization. One of the best approaches is Singular Value Decomposition (SVD), in which it is not necessary to compute the Hessian. This approach takes into account the singularities, which may result in a reduction of the dimensions of the problem. In the present work we used a more modest but still powerful approach that first scales both the Hessian matrix and the gradient and then adds a small positive number ε to the scaled Hessian matrix (Levenberg-Marquardt; Equation (7)). The number to be added is chosen in a way that guarantees a sufficient descent direction. If the number is too large, the calculated search direction will be the steepest descent. The linear search is optimized as described by Bard 25 . Because we had prescribed a fixed relationship between permeability and porosity (Equation (5)) we did not compute the sensitivity coefficients for both permeability and porosity. Instead we computed an equivalent coefficient that takes into account such a relationship (Appendices A and B). The calculation is performed inside the numerical simulator and is done after the simulator converged in solving the system of algebraic equations corresponding to each time step.
The parameters used as decision variables during the regression were: the permeability in each block of the discretized reservoir and the Darcy and non-Darcy skin factors at each of the three wells.
Results from the Application of the Method
Because of the high uncertainty in the information about the spatial correlation of the permeability field we decided not to include it in the objective function. Subsequently, this information was used to evaluate the results.
After seventeen iterations of the Gauss-Newton algorithm it was possible to match the data with relatively good success considering the scale of the problem. 
Comparison of Results with Conventional Analysis
To evaluate the results, the calculated permeability-porosity field was compared with the qualitative analysis performed earlier.
The permeability distribution in the vicinity of Well #1 can be interpreted as channel flow with the effects of increasing permeability away from the well. This is perfectly consistent with the qualitative interpretation of the derivative in the log-log plot (Fig. 11) . The low permeability blocks to the South of the well can be interpreted as the Fault #2 being closer to the well than previously expected.
The permeability distribution in the vicinity of Well #2 and Well # 3 are complex and could not have been predicted by the qualitative analysis.
The long term effects of the aquifer and Fault # 1 are relatively well matched in the p/z vs. cumulative production plot. The permeability-porosity distribution provides one mechanism for the pressure support. The large zones with very low permeability South of the Fault #1 are consistent with partial sealing of the fault.
The permeability-porosity field calculated is not the only one that may provide a good match. It is one possibility.
Inversion of Reservoir Objects by Gradient Methods: Example of Two-Dimensional Channel
The method which was described in the first part of the paper aims to estimate the permeability and porosity fields distribution at a relatively fine detail (up to simulation grid). Some of the shortcomings of this approach are: a) it requires the estimation of a relatively large number of parameters (hundreds) which may make the process unstable and uncertain. b) The well data is scarce in most of the cases which does not allow an appropriate resolution of the parameters. c) The a priori model is not always available and the geostatistics normally assume the stationarity of the variogram/covariance information, which also is not true in general. The application of the method may result in solutions that may match the data quite well, but also result in descriptions that are difficult to accept from the geological point of view.
As an alternative, it is possible to perform the inversion of a complete reservoir object. A reservoir object may take different forms. An example of object applicable to the field case detailed in this paper is a two-dimensional channel. In this case the parameters to estimate are no longer the permeability at each cell of the discretization grid but the parameters that define the channel. These parameters in a very simplistic first approach are considered to be the permeability inside the channel, the permeability outside the channel, and five parameters that define its geometry/shape. Also, the skin damage in each well is included in the list of parameters. The first clear advantage of this approach is in the reduction of number of parameters from hundreds to a few, in this case ten parameters. The result will always be a channel which is consistent with the geological setting. Because of complexity of the geometry, it is not possible to use analytical solutions, therefore numerical simulators are necessary. In order to use a gradient method for the inversion we have to develop two key processes: a) A method to combine the continuous nature of the curves defining the object with the discrete nature of a simulation grid; b) An efficient way to compute the sensitivity coefficients of an object that not only moves in the reservoir but also change its shape.
The procedure to compute the sensitivity coefficients is described in Appendix B. The procedure is a generalization of the one described in Appendix A and allows the computation of the sensitivity coefficients from the information contained in the Jacobian solved by the numerical simulator. It is important to note that this means it is necessary to invert Equation (B-8) only n times. n is the number of parameters (ten in this case). This means that the speed of the simulator is not affected to any great extent because of these calculations.
Once the sensitivity coefficients are calculated, any standard-gradient based procedure for parameter estimation may be used (Equations. (1a, 1b or 2) ).
In the case of objects, the geostatistic a priori information appears in the correlation among the parameters that define the shape, which may be inferred form outcrops or analogs. This information may be more reliable than that required with the approach detailed in the first part of the paper. Fig. 16-b shows the reservoir description obtained when the object based method was applied with the same data. The quality of the match is reasonable, although not of the same quality that the one obtained before, probably because of the simplicity of the model.
Conclusions
An efficient method to compute the sensitivity coefficients has been presented. This has also been generalized to be used to perform regression of reservoir objects with conventional gradient-based parameter estimation algorithms.
The method used in this work can be easily expanded to three-dimensional geometry, multiphase flow, tracer tests, and flexible grid.
The most difficult part in the implementation of this method was in the preprocessing of all the data and in the construction of an adequate mathematical model. Information from well testing followed by frequent shutins can be analyzed simultaneously to provide a better understanding of the effects of heterogeneity on the reservoir performance. 
Appendix A General Procedure to Calculate Gradients of Discrete Systems.
In general, many physical systems can be modeled by a differential equation of the type:
F y x t y x y t n n ; ; ; ; ;
where y is the response of the system for a given set of initial and boundary conditions, x is the location, t is time and α is a vector of the parameters of the system (considered constant with respect to time). Our interest is to find the gradient/sensitivity of the response y with respect to the parameters α. For complex cases the differential equation cannot be solved analytically and the response of the system is calculated numerically by a marching algorithm. When the numerical method is of the "implicit" type the solution at each step of the marching algorithm requires of the solution of an algebraic system of the equations of the type: If we had to solve Equation (A-4) numerically we would have to solve a system of equations similar to Equation (A-2) but in y' and α'; that is f y y x 0 ( ; ; ; , )
Our interest is not in finding the new solution but in finding the sensitivity coefficients. We can expand the system of equations in a Taylor series around the unperturbed solution at (y k ;y k+1 ;x;α;∆t), then The implications of Equation (A-10) are important and are: a) to compute the sensitivity coefficients we do not need to solve a new system of equations (re-run the numerical model). b) to compute the current sensitivity we need to have the value at the previous time step. c) it is necessary to solve n times the system Equation (A-10), where n is the number of parameters of the mathematical model.
in Equation (A-10) is computed from the numerical simulator, and requires only minor alteration of the main code.
Sensitivity Coefficients for Discrete Reservoirs
If the physical system being analyzed is a single-phase hydrocarbon reservoir the mathematical model is constructed by applying the material balance, Darcy's law and an equation of state. If we consider an implicit method to solve numerically, then the algebraic system of equations that need to be solved at each time step is of the type:
The parameters of the problem are the permeability and porosity in each block -12) and adjusting Equation (A-10) to the specific reservoir problem we obtain:
where J is the last Jacobian solved by the simulator, and and since the initial condition is in equilibrium, then
A similar procedure can be used for the case of φ. This procedure can be expanded easily to multiphase flow. For black-oil models the response of the system would be pressure in the oil phase, water saturation and gas saturation. The parameters of the system would be absolute permeability, porosity and the parameters that relate the relative permeability and capillary pressure to saturation.
Appendix B Computation of Sensitivity Coefficients for Objects
When it is desired to perform inversion not in permeabilityporosity but in complete geological objects or combination of both then it is necessary to compute the sensitivity coefficients with respect to the parameters that define the geometry of the objects.
That is our interest is in computing where α i is a parameter of the system. For the simple case of a single-phase reservoir this means that both permeability and porosity are function of such parameters. One example of parameters of this kind are those that define the shape and location of a channel in a reservoir. We can write for the single-phase reservoir,
An example of such a function might be for a sinusoidal channel:
We can compute the gradient with respect to α i by using the chain rule of differentiation, that is:
where the gradients with respect to permeability are calculated by the method detailed in Appendix -A-. This approach would be very inefficient since it requires of the computation of the gradients with respect to the permeability and porosity of all the blocks generated in the discretization. Another approach would be to write the mathematical model in terms of the parameters α, but this would be impractical since it would involve modifying the main code of the simulator.
If we multiply every term in Equation ( The implications of Equation (B-8) are important. This approach permits the calculation of the gradients by solving only n times the system represented in Equation (B-8), where n is the number of parameters. In the case of object modeling this represents an important reduction in the dimension of the problem since the number of parameters in object modeling is often much smaller than the number of blocks used to discretize the reservoir.
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